I
nflammation has emerged as a key contributing factor in developmental brain injury, particularly in infants born prematurely (1) . This concept is supported by experimental data showing specific damage to the cerebral white matter in LPS-exposed fetuses (2, 3) , in a pattern similar to that seen in preterm human infants. Both clinical and experimental evidence also suggests that although systemic infection/inflammation alone may not always induce observable CNS lesions, it can affect cerebral vulnerability to a later insult (sensitization or preconditioning) such as hypoxia-ischemia (HI) 3 (4) , both acutely and more long term (5) (6) (7) (8) . The effects of LPS are mediated through its interaction with a member of the TLR family, TLR4 (9) , and the downstream adaptor proteins myeloid differentiation primary response gene 88 (MyD88) and/or Toll/IL-1R domain-containing adapter inducing IFN-␤ (10). TLR4 signaling is important for LPS-sensitized HI brain injury (11) ; however, the downstream adaptors responsible for TLR4-mediated LPS-sensitized HI brain injury are unknown. We hypothesized that LPS-sensitized brain damage is dependent on activation of the MyD88 pathway. Thus, in this study, we investigated neuropathology, inflammatory responses, and mechanisms of cell death following LPS-sensitized HI brain damage in neonatal mice deficient for the MyD88 gene. We induced LPSsensitized HI in postnatal day 8/9 mice (neurodevelopment approximately equivalent to term human infant) to mimic a clinical situation of inflammation-induced vulnerability to hypoxic-ischemic brain injury in the newborn.
Materials and Methods

Animals
C57BL/6 mice lacking the gene for MyD88 (MyD88 KO) and C57BL/6 wild-type (WT) mice were bred at Experimental Biomedicine (University of Gothenburg, Göteborg, Sweden) and were crossed to produce heterozygotes (HET), which were bred further to produce littermate animals with mixed genotypes including MyD88 homozygous, HET mutant mice, and WT mice. Mice were maintained under specific pathogen-free conditions and housed with a 12-h light-dark cycle. Free access to a standard laboratory chow diet (B&K) and drinking water was provided. All animal experimentation was approved by the Ethical Committee of Göteborg (No. 314-2005) .
Genotyping
The genotype of mice was determined by PCR of genomic DNA obtained from mouse tails, as previously described (12, 13) . The WT allele was detected using the forward primer (5Ј-TGGCATGCCTCCATCATAGT TAACC-3Ј) and the reverse primer (5Ј-GTCAGAAACAACCACCAC CATGC-3Ј), and the mutant allele detected using the forward primer (5Ј-TGGCATGCCTCCATCATAGTTAACC-3Ј) and the reverse primer (5Ј-ATCGCCTTCTATCGCCTTCTTGACG-3Ј). WT mice were identified by a single 550-bp band, MyD88 KO mice by the presence of a single 650-bp DNA band, and HET mice were identified by the presence of both bands. 
Induction of LPS-sensitized HI in neonatal mice and drug administration
LPS (0.3 mg/kg; LPS O55:B5; Sigma-Aldrich) was administered i.p. in the evening to postnatal day (PND) 8 MyD88 KO and WT mice of both gender. The next morning, 14 h after the LPS injection, mice were anesthetized with halothane (3.0% for induction and 1.0 -1.5% for maintenance) in a mixture of nitrous oxide and oxygen (1:1). The left common carotid artery was ligated with prolene sutures. Mice were returned to the cage, allowed to recover for 1 h, and then placed in an incubator perfused with a humidified gas mixture (10.00 Ϯ 0.01% oxygen in nitrogen) at 36°C for 50 min (14 -16) . After this period of hypoxia, the pups were returned to their dam until sacrifice at 5 days after HI. Control group animals received no surgery, given that we previously demonstrated no difference compared with animals receiving surgery (5 min of anesthesia, cervical incision, and suture) with sham-ligation with respect to energy and glycolytic metabolites in the brain, acid base/blood gas status (unpublished data), expression of immediate early genes (17) , or apoptosis (18) .
Immunohistochemistry and immunofluorescence staining
Mice were injected with LPS (0.3 mg/kg) at PND8, and brain tissue was collected at 2, 6, and 14 h after LPS exposure for assessment of numbers of microglia or 5 days post-LPS/HI for evaluation of brain injury. Animals were deeply anesthetized and perfused intracardially with saline and 5% buffered formaldehyde (Histofix; Histolab). The brains were rapidly removed and immersion fixed in 5% formaldehyde for 24 h. After dehydration with graded ethanol and xylene, brains were embedded in paraffin and cut into 10-m frontal sections for immunohistochemical staining. Ag recovery was performed by heating the sections in 10 mM boiling sodium citrate buffer (pH 6.0) for 10 min. Nonspecific binding was blocked for 30 min with 4% horse or goat serum (depending on the species used to raise the secondary Ab) in PBS. Sections were incubated in primary Abs against microtubule-associated protein-2 (MAP-2; clone HM-2, 1/2000; SigmaAldrich), mouse mAb myelin basic protein (MBP; 1/10,000; Sternberger Monoclonal) or ionized calcium binding-adapter molecule 1 (Iba-1; 1/2,000, Wako Chemicals USA) for 60 min at 4°C overnight, followed by the appropriate biotinylated secondary Abs (Vector Laboratories) for 60 min at room temperature. Visualization was performed using Vectastain ABC Elite with 0.5 mg/ml 3,3Ј-diaminobenzidine enhanced with 15 mg/ml ammonium nickel sulfate, 2 mg/ml ␤-D-glucose, 0.4 mg/ml ammonium chloride, and 0.01 mg/ml ␤-glucose oxidase (all from Sigma-Aldrich). For immunofluorescence staining, sections were incubated in the primary Abs against antiactive forms of caspase-3 (1/100; 557035, BD Pharmingen) or cytochrome c (Cyt C; 1/500; BD Pharmingen) with mouse anti-NeuN (1/ 200, mAb377; Chemicon International) or FITC-conjugated lectin from Bandeiraea simplicifolia (Griffonia simplicifolia) isolectin B4 (1/100; Sigma-Aldrich) followed by appropriate combinations of secondary Abs including donkey anti-mouse 488 (green, 1/500), donkey anti-rabbit 546 (red, 1/500), Alexa Fluor 594 goat anti-mouse or Alexa Fluor 594 goat anti-rabbit (1/200, all from Invitrogen). The sections were analyzed under an Olympus BX60 fluorescence microscope equipped with an Olympus DP50 cooled digital camera, and images were collected and processed using Micro Image version 4.0 (Olympus).
Brain injury evaluation and cell counting
All assessments were performed by a person unaware of the treatment groups. For brain injury evaluation, the brains were embedded in paraffin and cut into 10-m frontal sections. Every 100th section was stained for MAP-2. The volume of total tissue loss and regional injury in the ipsilateral cortex, striatum, thalamus, and hippocampus were evaluated with MAP-2 staining as described previously (16, 19) . Total tissue loss was calculated by subtracting the MAP-2-positive volume of the ipsilateral hemisphere from the contralateral hemisphere. Regional neuropathology was evaluated in MAP-2-stained sections using a semiquantitative neuropathological scoring system as described previously (20) . Briefly, cortical injury was graded from 0 to 4, 0 being no observable injury and 4 being confluent infarction encompassing most of the hemisphere. Damage in the hippocampus, striatum, and thalamus was assessed both with respect to hypotrophy (shrinkage; grades 0 -3) and observable cell injury/infarction (grades 0 -3) resulting in a neuropathological score for each brain region (grades 0 -6). The total score (0 -22) was the sum for all four regions.
Subcortical white matter injury was analyzed by quantitative measurements of the immunohistochemical-positive staining area for MBP in each hemisphere as previously described (3, 21) . The estimated total number of Iba-1-positive cells was calculated in the ipsilateral hemisphere on three evenly spaced sections (1/50 series) per animal spanning the entire hippocampus using stereological principles (Stereo Investigator version 7; MicroBrightField).
Sample preparation for activity assay, ELISA, and immunoblotting
To evaluate the effect of LPS on cytokine/chemokine production and caspase activation, LPS (0.3 mg/kg) was administered i.p. to PND8 MyD88 KO and WT mice of both genders. Animals were sacrificed by decapitation at 2, 6, or 14 h after LPS injection (n ϭ 6/group). Control animals were sacrificed on PND8 (n ϭ 6). Brains were rapidly dissected onto ice, homogenized by sonication in ice-cold isolation buffer consisting of protease inhibitor mixture (Complete Mini) and 10% FCS (Perbio; HyClone) in PBS, and centrifuged twice at 5,000 ϫ g for 5 min and twice at 10,000 ϫ g for 10 min; the supernatant was collected and stored at Ϫ80°C until use.
Caspase-3 activity assay
Caspase activity was measured as described previously (22) . Cleavage of acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin for caspase-3-like activity (Peptide Institute, Osaka, Japan) was measured at 37°C using a Spectramax Gemini microplate fluorometer (Molecular Devices) with excitation/emission wavelengths of 380/460 nm. Caspase-3 results were expressed as picomols of 7-amino-4-methylcoumarin released per milligram of protein per minute.
Immunoblotting
Immunoblotting was performed as previously described (15) . Briefly, after blocking with 30 mmol/L Tris-HCl (pH 7.5), 100 mmol/L NaCl, and 0.1% Tween 20 (TBS-T) containing 5% fat-free milk powder for 1 h at room temperature, the membranes were incubated with the primary Abs: phosphorylation of IB (p-IB; Santa Cruz Biotechnology), IB (Santa Cruz Biotechnology), or actin (Sigma-Aldrich) at room temperature for 1 h, followed by the appropriate peroxidase-labeled secondary Ab (Vector Laboratories) for 30 min at room temperature. Immunoreactive bands were visualized using the Super Signal Western Dura substrate (Pierce Chemical) and a LAS 1000-cooled chare-coupled device camera (Fujifilm). Immunoreactive bands were quantified using the Image Gauge software (Fujifilm).
Cytokine assay
Cytokine-chemokine expression in brain homogenate supernatants (see: Sample preparation for activity assay, ELISA, and immunoblotting") from WT and MyD88 KO mice were performed using a Linco Research mouse 22-Plex kit (No. MCYTO-70K-PMX22; Millipore) containing premixed beads capable of detecting a variety of cytokines, according to the manufacturer's instructions. This microbead array allowed for the simultaneous detection of multiple inflammatory molecules in a single 75-l brain homogenate or culture medium sample, as previously described (23) . Results were analyzed on a Bio-Plex workstation (Bio-Rad) and normalized to the amount of protein per well. The level of sensitivity for each microbead cytokine standard curve ranged from 1 to 35 pg/ml (23) . Protein concentrations were determined using the Bio-Rad DC Protein Assay (Bio-Rad).
Statistics
Data were analyzed by two-way ANOVA with genotype (WT or MyD88 KO) and treatment (vehicle or LPS) as factors or genotype (WT or MyD88 KO) and time after LPS exposure (0, 2, 6, and 14 h) as factors. When overall changes were detected by ANOVA, the Bonferroni post hoc test was used at the 95% confidence interval. Significance was set at p Ͻ 0.05. Data are presented as means Ϯ SEM. All statistical analyses were performed with GraphPad Prism 4.0 (GraphPad Software).
Results
MyD88 deficiency blocks LPS-sensitized HI brain injury
Neuropathological analysis at 5 days after HI demonstrated an increase in total tissue loss in LPS-pretreated WT mice (t (22) ϭ 4.8, p Ͻ 0.001; Fig. 1, A and C) . In contrast, LPS did not increase damage in HI MyD88 KO mice (t (3.4) ϭ 0.77, p Ͼ 0.05; Fig. 1,  A and C) . Two-way ANOVA revealed a significant (F (1, 43) ϭ 8.5, p Ͻ 0.006) interaction between genotype and treatment, suggesting the influence of genotype on LPS-induced tissue loss. Similarly, evaluation of regional neuropathology showed that brain injury was significantly increased in LPS-pretreated WT mice by 112% in the cortex, 76% in the thalamus, 62% in the striatum, and 51% in the hippocampus (Fig. 1B) . Two-way ANOVA revealed a significant interaction between genotype and treatment for each brain region (interaction for respective region: cortex, F (1, 43) ϭ There was a significant increase in loss of subcortical white matter area positive for MBP at 5 days after HI in LPS-pretreated WT mice (74.50 Ϯ 2.60%, n ϭ 10) compared with saline-pretreated WT mice (31.00 Ϯ 8.22%, n ϭ 11, t (13.6) ϭ 2.84, p Ͻ 0.05; Fig. 2 ). In contrast, in MyD88 KO animals there were no significant differences between the two groups (LPS/HI, 27.27 Ϯ 6.58%, n ϭ 11 vs saline/HI, 22.50 Ϯ 6.06%, n ϭ 12; t (Ϫ5.14) ϭ 1.09, p Ͼ 0.05; Fig. 2 ). There was a significant interaction of genotype and treatment (F (1, 43) ϭ 7.81, p ϭ 0.0077), suggesting that as for gray matter damage, genotype contributed to increased LPS-induced white matter injury.
These results are in agreement with our previous findings that LPS pre-exposure sensitizes the brain to HI injury in neonatal rats (6) . We now demonstrate for the first time a LPS-induced sensitizing effect in neonatal mice and that this increased vulnerability to damage is regulated in an MyD88-dependent manner.
Increased number of microglia in MyD88-deficient mice
Numbers of microglia were assessed by Iba-1 immunostaining on brain sections collected at 2, 6, and 14 h after LPS exposure (without HI) and in naive age-matched control mice. At 2 h (t (99,000) ϭ 3.11, p Ͻ 0.05) and 6 h (t (136,400) ϭ 3.91, p Ͻ 0.01) after LPS injection, the number of Iba-1-positive cells was significantly increased in MyD88 KO animals compared with WT mice (Bonferroni post hoc test; Fig. 3 ). Two-way ANOVA revealed that both genotype (F(1, 35) ϭ 24.74, p Ͻ 0.0001) and time after LPS exposure (F(3, 35) ϭ 17.65, p Ͻ 0.0001) contributed to the number of Iba-1-positive cells. There was, however, no interaction between genotype and time (F(3, 35) ϭ 1.84, p ϭ 0.1577) , indicating that LPS induces microglia activation in both genotypes, but with a stronger response in MyD88 KO mice. 
MyD88 deficiency attenuates cytokine-chemokine production in neonatal brain
To examine the role of MyD88 in mediating inflammatory mediator release in the brain in response to systemic LPS exposure, we used a multiplex ELISA of multiple inflammatory molecules to determine their expression in brain homogenate. The inflammatory molecules analyzed in the array were broadly divided into proinflammatory (Fig.  4) , anti-inflammatory (Fig. 5 ) cytokines, and chemokines-chemotaxic molecules (Fig. 6) . The expression of IL-1␤, IL-2, IL-4, IL-12p70, GM-CSF, IFN-␥, and RANTES were below the detection limits of the array at all time points in all groups (data not shown).
Two-way ANOVA revealed that changes in most proinflammatory cytokines (IL-1␣, IL-5, IL-6, IL-7, and TNF-␣) were statistically significant with respect to interaction between genotype and time (Table I ). The LPS-induced increases in these cytokines were largely inhibited in MyD88 KO mice (Fig. 4) . In contrast, there was no significant interaction (Table I) for the proinflammatory cytokines IL-15 and IL-17 and the antiinflammatory cytokines (IL-9, IL-10, and IL-13) and no genotypedependent differences in response to LPS (Figs. 4 and 5) . Chemokines-chemotaxic molecules demonstrated an expression pattern similar to that of proinflammatory cytokines with a significant interaction with genotype and time (Table I) . Post hoc analysis showed a time-and genotype-dependent inhibition in expression of chemokines-chemotaxic molecules in MyD88 KO mice (Fig. 6) .
Effect of MyD88 deficiency on NF-B activation
NF-B activation plays a key role in cytokine production (24) . To examine the activation of NF-B in response to LPS exposure in WT and MyD88 KO neonatal mouse brains, p-IB was assessed by Western blotting in brain homogenates after LPS. p-IB is a prerequisite for NF-B activation (25) . As such, increased expression of cytosolic p-IB can be used as an indirect marker of activation of the NF-B pathway. Two-way ANOVA showed a significant interaction between genotype and time after LPS (F(3, 38) ϭ 6.1, p ϭ 0.0016). Post hoc analysis revealed that MyD88 KO animals had a higher initial level of p-IB (t (16,000) ϭ 2.7, p Ͻ 0.05), but then a diminished response to LPS at 6 h (t (Ϫ17,000) ϭ 3.3, p Ͼ 0.01; Fig. 7) .
LPS-induced caspase-3 activation is increased in MyD88-deficient mice
Apoptosis is particularly important in the developing brain, and caspase-3 is markedly induced after neonatal brain injury (22, 26 -28) . To further investigate the mechanisms of LPS-induced sensitization to HI, apoptotic changes after LPS pre-exposure were detected by measuring brain caspase-3 activity. Two-way ANOVA showed a significant interaction (F(3, 32) ϭ 4.0, p ϭ 0.0154) of genotype and time on caspase-3 activity. Post hoc analysis revealed an increased caspase-3 activity in LPS-treated MyD88 KO animals compared with LPS-treated WT animals at 2 h after LPS (t (1.3) ϭ 4.4, p Ͻ 0.001, Fig; 8A) .
Because Cyt C release from the mitochondria to the cytosol initiates an apoptotic protease cascade (29), we also performed fluorescent double-labeling of caspase-3 and Cyt C and found that caspase-3 coexpressed with Cyt C in the cytosol (Fig. 8B) . Further, activated caspase-3 expression was observed in microglia and neurons in both WT and KO mice (Fig. 8B ).
Discussion
In this study, we demonstrate that MyD88, a central adaptor in TLR4 signaling, plays an essential role in LPS-sensitized HI brain injury. The cerebral proinflammatory cytokine-chemokine response to LPS was virtually blocked in neonatal MyD88 KO mice, but there was a paradoxical increase in number of microglia. MyD88 KO mice also displayed an early increased activation of caspase-3 in the brain in response to LPS exposure, to levels greater than in LPS-exposed WT mice. These results support our previous findings identifying LPS as an important factor in altering the vulnerability to HI injury in the neonate (5-8) and provide novel evidence that the sensitizing effect of LPS is mediated via MyD88. This is the first report identifying a role for MyD88 regulation in LPS-induced HI brain injury.
Nonbacterial stimuli, such as heat shock protein 60, have been shown to kill cultured neurons via TLR4-and MyD88-dependent mechanisms in microglia (30) , whereas both TLR2 and TLR4 deficiency provides neuroprotection following ischemia in adult animals (31) . In this study, there was no difference in tissue loss between saline pre-exposed WT and MyD88 KO mice following HI (Fig. 1) . These data suggest that MyD88 may not be critical for brain damage following sterile-induced inflammation in the immature brain (32) and imply a potential maturational-dependent role of innate immunity in brain injury.
As well as a decrease in total tissue loss, MyD88 KO mice also exhibited a reduction in white matter damage, as assessed by the area of MBP-positive immunostaining. These data are in agreement with a recent finding that MyD88 KO mice displayed a reduction in CNS inflammation (decreased leukocyte infiltration) and axonal and myelin damage in an animal model of multiple sclerosis (33) . This is of particular importance for the immature brain due to the high occurrence of white matter injury during early development.
We have previously shown that peripheral LPS exposure regulates the expression of a large number of genes in the neonatal brain (34), including a significant number associated with inflammatory processes, such as cytokines and chemokines. In this study, exposure to systemic LPS increased mainly proinflammatory cytokine-chemokine protein levels in the brain, whereas there were no significant changes in anti-inflammatory cytokines. The proinflammatory response to LPS was largely abolished in MyD88 KO mice, which is supported by previous in vitro studies (23, 35, 36) . Proinflammatory cytokines cause damage if injected directly into the brain (37) and have the capacity to exacerbate brain damage (38) , whereas gene deletion-blocking proinflammatory cytokine production reduces brain damage (20, 39, 40) . Although the majority of proinflammatory cytokines-chemokines were significantly elevated in the brain of WT mice early after LPS, these proinflammatory responses were largely resolved at 14 h, the time point where HI was induced. Therefore, it is unclear to what extent proinflammatory cytokines contributed to the increased LPS-induced brain vulnerability in the present study. Others have found that inhibition of NF-B activity attenuates HI brain injury in neonatal mice, independent of cytokine production (41, 42) . In this study, we found an increased basal level of NF-B activation, as indicated by p-IB, but diminished NF-B activation in MyD88 KO mice in response to LPS. Therefore, we cannot exclude the possibility that the attenuated brain injury in MyD88 KO mice was due to the inhibition of NF-B activation observed at 6 h rather than the cytokine production per se.
The diminished cytokine response in MyD88 KO mice occurred despite an increase in number of microglia. Microglia are the resident mononuclear phagocytes in the CNS and are responsible for initial host immune defenses (43) (44) (45) . In this study, the number of Iba-1-positive cells with the morphology of activated microglia increased at 6 -14 h to a greater extent in MyD88 KO mice compared with WT animals, despite the reduction in LPS-HI injury. These data suggest that cerebral cytokine release is not necessarily associated with morphological signs of microglia activation and that microglial activation is not necessarily damaging. In support of these data, the shape of microglia can vary considerably from the resting phenotype to an active ameboid form, without increased cytokine production (45, 46) , whereas microglia have been shown to play both damaging and protective roles in CNS injury (47, 48) .
Apoptosis, including caspase-3 activation, is associated with developmental and injury-induced cell death. The elevation in caspase-3 activation in the brain after LPS exposure agrees with our previous finding in neonatal rats (34) . However, to the best of our knowledge, a role for MyD88 in regulating caspase-3 activation in response to LPS in the brain has not been reported. In this study, we found an approximate doubling in caspase-3 activation in LPS-exposed MyD88 KO mice, although those changes are minimal compared with the at least 50-fold increase observed in conjunction with brain damage following HI in neonatal mice (22, 49) . We speculate that the moderate LPS-induced caspase-3 activation before HI in MyD88 KO mice is insufficient to injure the brain, but may acts as a preconditioning stimulus, which desensitizes the brain to the subsequent HI insult. In support of these data, we previously demonstrated that both hypoxia-and inflammation-induced preconditioning in the immature brain is associated with a significant apoptotic/cell death gene response (50 -52), whereas a low degree of caspase-3 activation was shown to exert preconditioning protection in vitro (53) .
In summary, we demonstrated a novel MyD88-dependent regulatory mechanism in LPS-sensitized HI immature brain injury, which may provide a novel target for neuroprotective therapies.
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